We propose a new polarization splitter (PS) based on Ti and liquid infiltrated photonic crystal fiber (PCF) with high birefringence. Impacts of parameters such as shape and size of the air holes in the cladding and filling material are investigated by using a vector beam propagation method. The results indicate that the PS offers an ultra-short length of 83.9 µm, a high extinction ratio of −44.05 dB, and a coupling loss of 0.0068 dB and at 1.55 µm. Moreover, an extinction ratio higher than −10 dB is achieved a bandwidth of 32.1 nm.
Introduction
Photonic crystal fiber (PCF) consists of a solid core and holes arranged in the cladding region non-periodically or periodically along the axis [1] . According to the mechanism of light transmission, PCF can be divided into refractive index guided PCF and photonic bandgap PCF. The refractive index guided PCF is similar to total internal reflection in the mechanism of light transmission. At present, refractive index guided PCF is the most mature and widely used optical fiber. PCF technology has made great progress in pharmaceutical drug testing, astronomy, communication, and biomedical engineering and sensing [2] [3] [4] [5] [6] [7] [8] . In recent years, the PCFs filled with materials have attracted great interests, because PCFs could provide excellent properties by filling different functional materials into the air holes [9] [10] [11] [12] [13] [14] . Metal wire was filled into the air holes of PCFs for polarization splitting (PS) by Sun et al. and Fan et al. [10, 11] . PCFs present high-quality channels that can be controllably filled with ultra-small volumes of analytes (femtoliter to subnanoliter), such as water [12] , alcohol [13] , and nematic liquid crystal [14] .
The dual-core PCF is constructed by introducing two defect states in the periodic arrangement of air holes. When a polarized light beam is projected into the dual-core PCF with high birefringence, the coupling strength of two vertical polarization modes is weakened by the high birefringence [15] . Therefore, high birefringence could increase the difference in coupling length of the x-polarized mode and y-polarized mode of PCF, which is also beneficial to the miniaturization of PS. In general, high-birefringence fiber can be gained by breaking the symmetry implementing asymmetric defect structures, such as dissimilar air holes and elliptical holes along the two orthogonal axes, and asymmetric core design [16] [17] [18] . Another kind of high-birefringence fiber can also be manipulated by filling liquid into the air holes or hollow core [19] . At present, the dual-core PCF has a very mature application in polarization beam splitters. 
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In this paper, a novel ultra-short PS with low coupling loss and high birefringence is proposed based on the idea of material filled PCFs by using a vector beam propagation method (BMP) [39] [40] [41] .
The numerical results present a 0.0839 mm-long PS with a coupling loss of 0.0068 dB and a high extinction ratio of −44.05 dB at the wavelength of 1.55 µm. Moreover, an extinction ratio higher than −10 dB is achieved at a bandwidth of 32.1 nm.
Physical Modeling
The physical modeling of the proposed PS is shown in Figure 1 . The BPM-based commercially state-of-the-art software RSoft (Synopsys Inc., Mountain View, CA, USA) can be used to design and analyze optical telecommunication devices, optical systems and networks, optical components used in semiconductor manufacturing, and nano-scale optical structures. Figure 1 shows the structure of PS, where d, d 1 , d 2 , and d 3 represent the diameters of various air holes, respectively; a and b are the major and minor axes of the elliptical air hole; Λ represents distance of hole and hole (period); the ellipticity is expressed as η = b/a; and the air-filling ratio is d/ Λ. The refractive index of background material is set as 1.45. Ti is filled into the two yellow air holes, and liquid (ethanol) is filled into the six blue holes. For ethanol (C 2 H 5 OH), variation of refractive index as a function of wavelength at a temperature of 20 • C is given by Reference [42] .
where λ represents wavelength of the propagating light. The refractive index of ethanol is set as 1.35 at 1.55 µm. Figure 2 shows the refractive index function of Ti versus wavelength [43] .
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where λ represents wavelength of the propagating light. The refractive index of ethanol is set as 1.35 at 1.55 μm. Figure 2 shows the refractive index function of Ti versus wavelength [43] . The vector wave equation, which is the basis of BPM [39] [40] [41] , can be expressed by
where k ω με ≡ . These two equations are known as the Helmholtz equations.
The electric field E(x, y, z) can be separated into two parts: the fast change term of exp(-ikn0z) and the envelope term of ϕ(x, y, z) of slow change in the axial direction; n0 is a refractive index in the cladding. Then, E(x, y, z) is stated as
Substituting Equation (4) in Equation (1) results in
Assuming the weakly guiding condition, we can approximate
Equation (5) can be rewritten as The vector wave equation, which is the basis of BPM [39] [40] [41] , can be expressed by
where k ≡ ω √ µε. These two equations are known as the Helmholtz equations. The electric field E(x, y, z) can be separated into two parts: the fast change term of exp(-ikn 0 z) and the envelope term of φ(x, y, z) of slow change in the axial direction; n 0 is a refractive index in the cladding. Then, E(x, y, z) is stated as
Substituting Equation (4) in Equation (1) results in 
A similar expression can be written for H. We find that n = n 0 if the fields vary in the transverse direction to propagation. Light propagation in various kinds of waveguides can be analyzed by the above method.
There are four modes of dual-core PCF on the basis of the principle of coupling mode, namely, even-mode of x-polarization, odd-mode of x-polarization, even-mode of y-polarization, and odd-mode of y-polarization. The coupling length has been defined by Reference [44] as 
where n x,y even , n x,y odd denote the effective indexes of even-mode of x-polarization, odd-mode of x-polarization, even-mode of y-polarization, and odd-mode of y-polarization, respectively. When the coupling length of dual-core PCF satisfies L = m L x c = n L y c , the x-polarization and y-polarization launched into core A or B can be divided [33] . Hence, the coupling ratio (CR) can be defined as
Assuming that the incident power is coupled into a certain core, the output power of x-or y-polarized light in the core can be expressed by the following equation [45] :
where the transmission distance is denoted by z. The extinction ratio is an important index to evaluate the performance of polarization splitter, which is expressed as ER = 10 log 10 P x out P y out (10) where P x out , P y out represent the output energy of x-polarization and y-polarization, respectively [16, 46] . The coupling loss of the PS can be described by Loss = −10 log 10 ( P out P in ) (11) where P in is the fundamental mode power at the input core [30] . Birefringence can be expressed as
where n x and n y are the effective refractive index of x-polarized and y-polarized fundamental modes [29] .
Results and Discussion
First, the L c and CR are examined for different period Λ, where d 1 = 0.8 µm, d/Λ = 0.7, d 2 = 0.7 µm, η = 0.8, and d 3 = 0.6 µm. The results are shown in Figure 3a , in which it is observed that the L c is decreased when wavelength is increased for a constant period Λ. We also noticed that the L c decreases with decreasing period Λ. Moreover, the coupling length of y-polarization is longer than the coupling length of x-polarization. As the period increases, the coupling between the cores becomes difficult. Hence, the L c increases with the increase of the period. Interestingly, from Figure 3b , we noticed that when Λ ≤ 1.1 µm, the size of the CR is higher for higher period Λ; when Λ ≥ 1.1 µm, the size of the CR is higher for lower period Λ. According to Equation (8) , when the CR is 3/4, the effective separation of the two orthogonal polarized lights can be achieved, so we choose the period value of 0.9 µm.
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1. 50 1.51 1.52 1.53 1.54 1.55 1.56 1.57 1.58 1.59 1.60 -60
Wavelength (μm) Figure 11 . ER of PS as a function of wavelength at optimized structural parameters. Figure 13 shows the mode field distribution of odd-and even-mode in x-and y-polarization direction. When a PS is incident upon core A or core B, both the odd-and even-mode of that polarization can be generated [49] . 
References
Length/mm Bandwidth/dB Coupling loss/dB [28] 1.7 40(<−11dB) not mentioned [29] 4.72 190(<−20dB) not mentioned [30] 8.7983 20(<−20dB) 0.02 [31] 0.249 17(<−20dB) not mentioned [32] 0.401 140(<−20dB) not mentioned [33] 0.1191 249(<−20dB) not mentioned [15] 14.662 13(<−10dB) not mentioned 
Conclusions
In conclusion, a novel ultra-short PS based on Ti and liquid infiltrated PCF with high birefringence have been demonstrated by using a vector beam propagation method. The designed PS shows an ultra-short length of 83.9 µm, a coupling loss of 0.0068 dB, a high extinction ratio of −44.05 dB, and a bandwidth of 32.1 nm at a wavelength of 1.55 µm. In addition, the birefringence of PS can attain the order 10 −2 at the wavelength of 1.55 µm. The ultra-short PS with highly birefringent and low coupling loss properties is suitable for optical sensing, communication systems, storage systems, and integrated circuit systems.
